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THE FLE OF TEXTILE MATER I AL I N CL.OTH I N3 CN THERRE3LA1TCRY
RESPE S TO INTERMITTENT .XEFXCISE

Ruth NIELSEN1 & Tmofts L.EJVLSIO(2

I National Institute of Occuipatlonal Health
2 S-17184 Solna, Sweden
2 U.S.Army Research Institute of Envirorrental Medicine

Natick. MAO1760-17 07, USA

The physiological effect of different textile rmterial used In
the underwear of an enseible In the developnent of over heating
or ch I ling In hurans during Intermittent exeroIse In a cold
envirorment was studied. Underwear prototypes manufactured from
five different fiber type materials were tested as a part of a
typical, standardized clothing systan on eight male subjects
(T -0C. Td.a-3.20C and Va-0.3 m. s-1). The test consisted of a
twice repeated procedure of 40 ain n cyc i exercise (64% of Voynax)
fol Iowed by 20 mrIn of rest. Differences were found In both the
amount of non-evaporated and evaporated wxeat with the five
different underwear configurations. No significant difference
could be detected In esophageal temperature, skin tuv ratures,
skin wettedness, and onset time of sweatlng. It In concluded that
the text I Ile mater IaI used In underwear In a nornml work garment
has a om aII, but InsignIfIcant Influence on the wet heat
dissipation during Intermittent exercise In a cool envlronment.

1. INTF TICN

% Working cond ItIons have In many areas been Inproved parIl lel to the
technological development In the society. However, exposure to a ocol or
cold work envirornment I1 stl I I a daily real ity for vany Industrial and
outdoor workers. After-exercIse-lch I II Is a oan•n• reason for thermal
dlscomfort In these environments [1, 23. The pihenonera ls speclally
connected to dressed people performing Intermittent exercise, as It Is
related to the Interplay between the physiological reactions of the humwn
body and the clothing system.

Comon used clothing ensembles for cold enviromrnts corWrlses two or
more clothing Iyers: underwear, possibly middle layers, and an outer
clothing layer. Each layer has Its own thermal function. The main part of
the skin surl'ace Is not In contact with the amblent envirorment, but with
the micro environment under the clothing and the underwear Itself. Thus,
underwear has a speilal funotion In relation to the sensation of the
fabrlt-to-skln interface and may also be of Importance for the resulting
micro envlrorment over the skin. Advertisements for thermal underwear

t claims benef Its of different textI le material In both Insulatlng power,

0 The experimental part of this work was done whi le R.Nlelsen held a
NatI ona I Research Counc I I -USAR I EM R•e•arch Assoc I atesh I p.
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vaporW tranam I soIan and w I ckIng abIlI Ity ie1 AV Ing anlIY dryness and warmth
* next to the skin even while you are perspiring heavily In winter or

surmer". Fran this It seen possible that a prow~ use of underwear cocuic
diminish or hinder the developnent of after-axerclse-chil.

The thermalI res Istance of an undergarmen t 1isQ I~ ito emII as ourpared to
the overall re I stance of a totalI Carmena-t. I n the I Iterature 133 add It Ion
of therma I underwear to a cl1oth Ing system¶ Ia supposed to add I Ittle extra
warmth or protect Ion f or the wearer, and I n terrms of d If ferences I n
I nt r In3 Ic thermalI resi stance these d If ference3 are I ns Ign If Icant as l Ong
as the fit and design is kept the awe E43.

The la&tent heat d IassIpat Ion f ran the sk In to the envI rorvmwnt takes ma InlIy
place as diffusion resulting frcm a difference In vapor pressure C63.
This diffusion Is restricted by the resistance of the clothing layers.
Water/3swat can also be transported In the textl IsI f I bera themseIve/s, a n
the sur face of the f Ibers or by cap IIIary act ion I n the yarn. The
transport of water by capiIliary action Is negl igible In natural filbers;
homoever, text 11 es made of polIypropylIene and treated po: yeater f I bars,
that do not take up water I n the text IlIe f Ibars, havesa cons Iderabie0
ab I IIty to transfeor water by capIlI Iary actIoan. -Pn naturalI f Ibers the
water transport In the textilis filbers therselves i3 most Important. There
are lnvpor tint d If ferenoces I n the water /sweat absorb Ing ab IlI ty of text IlIe
f Ibers E 8]. Text IlIe IFlIbers w III absorb and dsowrb water when the him Id Ity
around then changes, and reach an oq I I I brUi I nW Ith the Ir onv Irormeners.
Wool 13 able to take up and keep signif icantly more water/sweat In the
*I ber s than any other text IeI and It takes thus l onger t Ime before the

a Ir I n the text Ile cav ItIeas Isa exchangsed w Ith water dur Ing a.gC. sweat
bursts. Also the ab-/desorpt ion processes means that an exchange of heat
onergl takes place between fibers and air. By meaSurements an a thermal L
man Ik In relIease of 20 WeM-2 by a I Ight woole n garment when chang Ing f rom
a 6% to a 70% rh envlrorwent has been ahwni [43. This has the sameoeffset

A as an Increase of 0.9 dlo In the thermal Insulation or walking into a
roan with a 8% higher air temperature. The release of heat was consider-.
ably leass when the sene ensan i e was made of cotton/polIyester (11 W.m-2 ),

adeven xnalieor when it was made of polyester/poiywilde (7 W-Mr 2 ).

Fran a theoretical point of view the difference In water absorbing and
water transportInmg aS I I I ty of text IlIes; such as wool I cotton, polIyester
and polypropylene, can be expected to produce both differences In
wetting-time of underwear and other clothing layers, and differences In
energy exchange caused by condensation and evaporation processes, and
thus f Inall Iy contr Ibute to the degree of sweat Ing dur Ing exerc Ise, the
af ter-exerc ise-ch ill and colId dlIsccnfort generalIlIy. The purpose of the
present study was on persons performing IntermIttent exercise In an
enyvIrorment caus Ing both per Iods of sweat Ing and ch II IIng, to I nvest Igate
If underwear manufactured In different textile mauterial resulted In

it dif ferent thermoregulIatory response..

2. MATrER IALS AND WTHWS

2.1. aarment Description

Underwear manuf actured I n a I1-by- I r Ib kn It f ran 6 dIIFfferent f Iber type
materials (cotton (P1). wool (R2), poiypropyien (F3), and polyester with
two d Iffe*rent k Inds of sur face treatmient (Cap IeI nwmF4 & ThermaxmFS) ) were



evaluated. Measurmrnts of fabric thickness were performed cm Be=~ 1---Of
cloth E7]: F1-0.94 ftm, F2-0.97 mfi,
F3-0.84 mi* V4,w0.79 nm, F5-0.139wi.
AllI five underwear prototypes were tested
as a part of a typical, standaraized
clothing systeml on human subjects. The
clothing s,./3te¶ ca.rprisd the two-piece
long-sic veid/long-legged underwear, a
Battle Dr9ss Uniform (5W) shirt and
trousers (5M~ cottonl50% nylon), woolen
socks, g>M Shoes, and woolen gloves
(Figure 1). Before any testing was done,
all clothIng systems were laundered 6
times without soao In a washing machine
and drip-dryed in between.

2. %ubjects

Eight healthy males volunteered for the
present serrles of exper imr.ts. They had
9A, average (ts.d.) age of 25 !3.7 years,

.Ght of 71 !7.2 kg, height of 176 43.3
OrdrX6is urfcearea (Aou) of 1.80

0.;0 Mg i~max of 3.480O.837 I 02 -mlrr1T
and percentage body fat of 14 ±4l.8%. figure 1. Clothing systen

2.3. Experimental Protocol

Conditions were chosen so as to mimic real-li fe situations under which
sweat Ing and af ter-exerc Ise-ch IlII woulId develo p, and ~hee thIsa type of
Clothing Would be worm. Testing a~red Ina climatticchanter at an air
teroerature (TainT I) of 6.2 t0.31 C, a clew point temperature (Td.) of -3.2
±0.48%C (-64 % rh7. and an alr veloc-Ity of 0.32 mse1.

The Clothing Was stored In the antechatner at an air turperature of 290C
And 20 S relative humidity at least two hours before the experimental
procedure began, and.the dressing of the subject took place In this
Cloorber. Each subject reported to the laboratory at the sane time of the

f.. for all exper Imentsa. Af ter ar r IvalI he was we Ighed I n the nude andQv
then hooked Up With chest electrodes for heart rate, thermoccuspies for
esop2hageal and sk in tulrperatures (calIf, thigh, chest, lower back, upper
back. upper arm, forearm, hand, and ferehead). Each piece of clothing was
wvbghed on a balance (Sauter, model K12), nu4t on the subject and when he

v..ca, ietely hooked up, a dressed weight was recorded tSauter, ..deI
KR120). Upon entering the test environment the subject were hooked up
w ith dew point sensors E$3 on the skin underneath the garment (back,
chest and thigh) before he mocunted a cycle ergononeter placed on a Potter CRAMI
balance (mo~del 235). Approximately 10 min after entering the tost chamber TAB
the subject began the 2-hour test., The test ca. rlized a twice repeated -i ed 5
cyclIus of 40 m I cycle exerc Ise (60 ron; 2.-0 ±0. 40 icP) fol i loed by 20 m In. ..
of rest. Each subject always worked at the a"e work level, that had been
choosen SO It would be close to 55% of his 'ý02-ffl" IEsopagea, Skin and
a Ir tarveratures, as well as deN po Int tenveratures at the sk In and I n *<

the mtblent air were mnnitored on a H-P200 coarputer every minute during
the test and stored for analysis. Changes In body weight wiare sampied c Wai't Codes
frcil the Potter balance every 20 seconds on a iHP&5 carvuter and MR was
Vecorded every 10 min. 1010 and ý=2 were measured by open circuit A~lado



spilronotry using an autaTated system (Benuormedlca Horizon MC) the last
" 6 rain of the first exercls and rest period, respectively. 7wo minutes
after Csation Of the tis the Wbjet loft the test chuTer
undresse Imned lately In the antecharber. He was weighed In the nude and
each piaee of clothing was weighed.

'A 3. CALCO1ATICNS

Metabol Ic energy prodqrt I.on (M) was calculated fran the measurement* of
oxygen consumrpt Ion (ýrj) as

M - (0.23A0+0.77)'*-2-k'a0-AM"1 (W'nr 2 )
In which 111 Is the respiratory e xcange ratio, * Is the oxygen
coSUmltlon In I Omln"1 , and k Is the enrgy eqivalent oF oxygen
(.873 Whl 02• in).

Mean skin tenerature ( Tsk) was calculated as an area-welghted average of
"the measurements (modlf led frrcm [93)

Yak n O0. 6ThnrcO.O?(TforarM+TiJpr arm+Thead)tO.2OTcai f+. 19TthIgh

S+0.178(Tchst+(TuL•pr back+Tlofr bmck)/ 2 ) (0c)

Evaporative heat loss fran the skin (Eak) over the total experli•ntal
period was determined fran the contlnuxus monitoring of weight loss on
the Potter balance corrected for weight of respiratory water 10s (Ires)
[10]. No dripping took place, becAuse all excessive wvatlring was absorb• d
In the clothing. Total non-evaporated amet loss (wvns) was measured as
the difference between clothing weight before and after the experiment.
Total sweat loss (SWtot) was calcUlated as the sun of Esk anid Sne-

SVapor pressures at the skin surface and In the "rllent air were
determined frcn the local ldew I Ont temperature recordings using the
Antoine ecLat Ion.
.Local skin wettenes3s, w, on back, chest and thigh was calculated as:

w & l (Psk-Pa)/(PosI-Pa) (M)

where Pak Is the vapcr pressure at the skin surface, Pfsd is the
saturated vapor pressure at the local skin tarperature and Pa IS mbient
water vapor pressure.
An aVirage skin wattedness for thigh and torso area was estinmted using
each local skin surface area's fraction of the total body surface areas

w - 100' (0. 175'wChftt + O.175"Wbu:* + O.1 9 "Wleg)/O. 5 4  (%)

3.2. Statistical analysis

Repeated-measures analysis of variance (ANDVA) was used to determine
whether the factor 'textl le mater ll' had any sIgnIfIcant effect on
physiological reactions or sweat accuiulation In the clothing. In the
event that ANVA revel led significant main effect Tukey's crIt cal
d dIfference was caIcuIated anrd used to locate significant dIfference
between means. Data are presented as means!.*.d. AII dIfferences reported
are sIgnIfI cant at the PcO.05 level. A paIred t-test was used to test If
there was any difference between physlological reaction In the first and
second test period.

Mmm Mm.\ =.- mz'.



4. AMSLLTS

Work intensity (W) was at average 64 !11.8 W~m2 during the 40 minutes
b IcyclIe perlIods. MetabolIcI energy product Ion (M) dI a not vary between
clothing systemts. and were at average (n-40) 344 :51.2 W-m2 during
exercise and 85 !11.8 W*M-2 during it.

Core teyverature as revresented by To. was not inf luence by the filber
materlIa I of the underwear worn (FIgCure 2). Yes was at average for all
tests 36. 6 o0.i 19CI n the f Irst m Inuts of exerc Ise. Af ter 20 mi nuts* of
exercise a steady-state value of 37.4 ±o.ie% was reached. Wring the
rest period To, decreased Quickly to reach a value of 38.0 !0:200C In the
last minute. The ooursa of T., over the second exercise/rest perioad Was
similar to the course over the first period and similar tarperature

liues were measured At the end of the two periods.

Mean skicn tarcverature (Tsk) did not vary between underwear conditions
(Figure 2). The average values (nm.40) at the beglilnin of the exercise
adat tr-e end of each period were 31.0 !Q.ei, 10.0 _1.01, 29.1 !0.862

P"'3 11.01 and 28.7 10.63 'OC. All valIues exoept for F8 dur Ing exercIase
a,~ P 2 a t rest were s Ign If IcantlIy I cer at the end of the second per Iod
than the corresponding values In the first period.

Average skin wettedness (w) did not show any difference between underwear
conditions (Figure 2). Average values (n1.40) at the beginning of the

X, AVE RAGE WIEV1DNESS

Figure 2. Average (no$) uskin
wettedne3s. mean skin tmniperature
and esophagus triperaturs during
the test for each underwear
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exercise and at the end of each period were 7 !.52, 60 _11.3, 41 ±13.1,
62 !10.8 and 45 !14.4 %. Wettedness were slightly higher in the send
exercise and rest period carvared at the first period.

Onset of sweating was considered to take place when the dew point sensors
at the skin recorded an Increase In vapor pressure, and It began 9 !2.74
min after the start of the exercise. No difference could be detected
between the f I ve dl f ferent underwear cond I t ions; ne Ither was there any
significant dIfference In the time to onset of sweat Ing between the first
and second exercise period-d; hivvr, for F2 a Strong tendency towards an
earlier onset in the second exercise period was found.
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F.Jaure 3. Tota I urcAnt of sweat, evap:orated sweat and non-evaporated
jet with the five clothing systemw.

Total' sweat loss (SwVt) was significantiy lower with both F4 and F5
up0erwear €onlared at Flt F2 and 13 underwear (Figure 3).
L ,porat Ion of sweat (Esk) total led over the test perIod was higher with
F3 carpared at F1. F4 and FS, and higher with F2 than with FS.
Total non-evaporated sweat toss (SWne): The underwear material had a
sIonlflcant effect on the amount of sweat absorbed In the clothing
ens3Wble worn (Figure 3). More sweat was absorbed when either F1 or F2
underwear were worn carnared at F3. F4 or F6 underwear (F1 WF3, F4, FS;
F2 WF3, F4, S5). Conslderlng the underwear atone, both F1 and F2
underwear contained more sweat than all three types of man-made fiber
underwear (FI-PF3,F4,F5; F2 *F3,F4.F5). There was no d Ifference between
the w•ont of sweat absorbed In F3, F4 and F6 underwear; neither was
there any difference between the &Tcunt of sweat absorbed In I1 and F2
underwear, respectively. There was no difference, and thus no underwear
effect, In the amount of sweat found In the BOW.Jacket and the
eU-trousers showed only a difference between F2 and 14 conditions
(F2aF4). Socks, shoes and gloves contained after alI experiments very
little moisture (3, 6 and 6 g, respectively).
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5. VISOIzsCNt

0 1f'erent f Iber type mater Ial I In the underwer of a clIoth Ing systan has
art of foact on t! earmToregu I story responses dur I ng I nterm Ittent exerc Isoe In a
cold envirornment. In the present study differences In Sweat loss, OvI~r
at ion of &meat and smount of non-evaporated Sweat absorbed In the under-

* wear were found. No~ di fferences were detected In chililing at rest, but
* with a longer rest period difference may develop.

I t was choosen to use I nterm ittent exercise rather than one exercie I
period follow~ed by a period of rest. It was expected, and confirmed, that

* a darvea'Ing or wetting of the clotlilng systen coccured over the course of
* the first period and this changed the course of the thern~cohyvlioglQc&i

responses In the next period. Initially Yak decreased slightly; however,
after onset of sweating It Increased due to Insufficient evaporation of
sweat as showvn by the increase in skin wettedness. In the rest perilod Yask
decreased si gn if icantlIy and was at the onset of the seconid exercise

* period 20c lower than at the start of the test. Yak Increased during the
second exercise perilod and reached a steady State 0.5% lower than the
Steady state level In the first exercise period. As other variables were
constant this c~an be related to the daimpenling of the clothing systfl
causing a iowering of the Insuiation value of the clothing systam. This
Is supported by a similar lov..ring of 73k In the second rest period and a
slightly Increased skin wettedness In the second period. DuIring the first

* rest period skin wettedness showed that a drying out of the clothing took
plIace, but af ter 20 mInuites of rest the m Icroenv Irorment was st Ill humIid
determinodd by the work leovel C113 an so In this study. The ciothing only
Influenc~es the thermophysiological responses at the body surface.

IIb dlffm'en~ces were found In skin Wettedness and 't k due to different
filber type matesriai of the underwear Indicating that the hunidity condi-
tions In the microenviromwent between akin an ndrer were simi lar.
Therefore, the observed dIf f erences I n wet heat exchange must be caused
by dIfferences In the thermal processe taking place within the clothing
systan. The amount of sweet absorbed In the wool and thS cotton underwear
was as predicted fran text ilIe characteri1stic~s larger than the am~ount
absorbed In the mn"i-nde textiles. These were all made of IhydrophI i c
fibers, where the surface was made hydrophobic by a chemical treatment.
The differences In total sweat production are for certain parts difficult
to jaxpaian. Possible mechanismn are hypothesized below using sweat
production with F4 an F6 as references.

* Absorption of sweat in wool (F2) over the skin surface resuits In an
Inocaipite evaporation and cooling of the skin, plus liberation of
siorpt ion heat at Ohe skcin. Both tend to increase 'Vsk. The absorbed sweat

*is transoorted In the wool fibers further Into the clothing where It
evaporates and decreaes" the ttomperature between the ciloth ing layers.
This creates a Steeper terperature gradilent over the underwear and a
griuater '4ry heat f low. The tendency to Increase Ysk may Increase sweat
production, and be the cause of the greater set product ion observed.

TeIncreased sweat production with polypropylene underwear (M) IS found
asTh eae evaporation. This may be explained by that sweat are wicked

through the underwear, and evaporated further Into the clothing.* The
Incompliete evaporation at the skin would li ke with wool tend to nincrease
Yak resulting In a higher sweat production. Hamaever, a similar respons



Could be expected for F4 an F5 based on the Information provided by the
manufacturer. That the differenoe between polypropylene and the treated
polyester fibers could be related to the slight difference In cloth
thickness was considered, but as the differsnc between IQ and F4 are
smil, this cause Is not likely.

8. O0NMJlOSi

I n conclIus Ion, d If ferent text Ile mater;ai IIn the undewear of a clIoth Ing
system~ has an effect on ther'roregulatory responses during Intermittent
exercise In a cold env Irorment. However, thermal underwear does not keep
Its wearer earpietely dry as often claimed. In periods where swdeating
occur sk In wettedness Increases to simi lar levels Independent of material
of the underwear, and at rest mean sic I n tsveratur* and sic I n wettednoss
decreases to the same valIues. However, the text Ile mater IalI of the
underwear mak ing the contact to the skicIn absorbs and Conta ins less sweat
when man-made hydrophl I II fI bars are used.

The authors express their &=rorclation to the volunteers Mhs partici-
oat ion made this study possible, and to L.Stroschein, T.Querra, ft.Oster,
G. Naacoib, J, Bogart, L. Lev Ine, 0. Sexton and C.LeveIlI for the Ir helIp.

The views, opinions and/or findings In this report are those of the
authors an shoulId not be construed as of f I c Ia I epartrent of the Armry
position, policy, or decision, unless so deesIgnated by other official
docurentat ion.
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